To analyse the presence and extent of global and regional distributions of cardiac sympathetic dysinnervation in long-term insulin-dependent diabetes mellitus (IDDM) without myocardial perfusion abnormalities (99mTc-methoxy isobutyl isonitrile study), 123I-metaiodobenzylguanidine (~23I-MIBG) scintigraphy was performed in two clinically-comparable groups (20 diabetic patients with and 22 diabetic patients without ECG-based cardiac autonomic neuropathy). For comparison nine control subjects without heart disease were investigated. Only six diabetic patients (27 %) without and one diabetic patient (5 %) with ECG-based autonomic neuropathy were found to have a uniform homogeneous uptake of 123I-MIBG, in contrast to a uniform homogeneous uptake in all control subjects. The uptake of 123I-MIBG in the posterior myocardium of diabetic patients was smaller than in the anterior, lateral and septal myocardium (p < 0.001, p < 0.001, p = 0.001). In addition, diabetic patients with cardiac autonomic neuropathy ( >_ two of five age-related cardiac reflex tests abnormal) demonstrated a more reduced uptake in the global, lateral and posterior myocardium than diabetic patients without (p < 0.01, p < 0.01, p < 0.001). A correlation between global or regional myocardial 123I-MIBG uptake, however, and duration of diabetes, HbAlc , body mass index or QT interval length was not observed. Our study demonstrates that cardiac sympathetic dysinnervation is common in long-term IDDM even in patients without ECGbased cardiac autonomic neuropathy and that-the posterior myocardium is predominantly affected. We conclude that 123I-MIBG scintigraphy is a promising approach to further elucidate the pattern and natural history of myocardial dysinnervation in IDDM. [Diabetologia (1995[Diabetologia ( ) 38: 1345[Diabetologia ( -1352 
heart rate variation at rest and during deep breathing, heart rate response to standing, Valsalva ratio and systolic blood pressure changes to standing [3] . Recently QT interval lengthening has been suggested to be associated with an increased risk of unexpected death in diabetes mellitus [4, 5] . Cardiac reflex tests and QT interval, however, only indirectly assess cardiac autonomic nerve function in diabetes mellitus. Due to prior lack of techniques to directly investigate damage to the sympathetic neurons in the living heart the pathophysiology of cardiac sympathetic dysinnervation has remained largely unknown.
Single-photon emission computed tomography (SPECT) using the tracer 123I-metaiodobenzylguanidine (~23I-MIBG) has been introduced as a new ap- Values are means + SD; NS, Not significant; NS*, not significant between the CAN-negative and CAN-positive group; CAN-negative, without cardiac autonomic neuropathy; CAN-positive, with cardiac autonomic neuropathy proach to directly assess the efferent cardiac sympathetic nervous system [6, 7] . The guanethidine analogue metaiodobenzylguanidine (MIBG) shares the same active uptake, storage, and release mechanisms as norepinephrine and therefore has a high affinity to chromaffin tissue and adrenergic nerve terminals [8, 91 . Abnormal 123I-MIBG uptake indicating cardiac sympathetic dysinnervation has been demonstrated after myocardial infarction [10] , in cardiomyopathy [11] and in the idiopathic long QT syndrome [12] . Pilot studies in patients with diabetes suggest that the myocardial m3I-MIBG uptake is reduced in diabetic patients with cardiac autonomic neuropathy [13] [14] [15] .
The purpose of this study was to 1) determine the pattern of global and regional sympathetic cardiac innervation in long-term IDDM patients with and without ECG-based cardiac autonomic neuropathy and 2) compare the findings with conventional cardiac reflex tests and QT interval.
Subjects and methods
We examined 22 long-term IDDM patients without ECGbased cardiac autonomic neuropathy (see below) and 20 longterm IDDM patients with ECG-based cardiac autonomic neuropathy. The two groups showed no significant differences in regard to gender, age, body mass index, duration of diabetes, HbAlc , presence of diabetic retinopathy, QT and QTc interval ( Table 1 ). All patients were on intensive insulin therapy, which included four or more subcutaneous insulin injections daily or insulin administration by an external pump. Patients with a history of coronary heart disease, myocardial infarction and arrhythmias or cardiac autonomic neuropathy other than of diabetic origin were excluded from the study. Hypoglycaemia 24 h prior to the study also led to exclusion from the study.
As a control group nine non-diabetic subjects without any evidence of heart disease affecting the myocardial sympathetic nervous system were investigated (Table 1) . They underwent SPECT using maI-MIBG for exclusion of pheochromocytoma. No patient had documented arrhythmias or symptoms suggestive of arrhythmias.
The diabetic patients and the control subjects were taking no medication known to interfere with 123I-MIBG uptake, such as calcium channel blocking agents, beta agonist drugs or tranquilizing agents [16] .
123I-MIBG study. Preprandial morning blood glucose level was assessed at 07.00 hours and the patients continued their regular morning insulin dose and breakfast before the study. They received 300 mg perchlorate to block thyroid uptake of the tracer. At 09.00 hours a dose of 220 MBq of commercially available n3I-MIBG (Medgenix, Brussels, Belgium) was injected as an intravenous bolus into the antecubital vein. At calibration date the radioactive concentration was 74 MBq/ml, the specific activity 148 MBq/mg and the radiochemical purity < 3 % free iodine.
The homogeneity of 123I-MIBG uptake was assessed by a semiquantitative approach, To allow clearance from extraneuronal tissue uptake SPECT images were obtained after 5 h using a two-headed gamma camera (ROTA 2. Siemens Medical Systems), LEAP collimator. 360 ~ rotation, and a 64 x 64 matrix. Oblique frontal and oblique sagittal slices were obtained. The myocardial 123I-MIBG uptake was displayed as polar coordinate maps of relative tracer activity and the maps were divided into four regions (Fig. 1) .
Within the global, anterior, lateral, posterior and septal myocardium the mean tracer activity was visually assessed by two independent observers, who were unaware of the patients' history. The findings were grouped into a myocardial uptake score (MU score): 1 = normal homogeneous uptake; 2 = slight reduction of uptake: 3 =moderate reduction of uptake; 4 = considerable reduction of uptake; 5 = severe reduction of uptake; 6 = no uptake.
An MU score of more than 2 was considered to be abnormal.
99mTc-MIBI study. To ensure that no perfusion abnormalities influenced the MIBG uptake, conventional myocardial scintigraphy was added to the protocol. After the MIBG study the resting patients were injected with 400 MBq 99mTc-methoxy isobutyl isonitrile (99mTc-MIBI). This radiopharmaceutical is readily taken up by the myocardium and remains within the myocardial cell depending on its oxidative metabolism [17. 18, 19] . Thus, this examination provides information on myocardial perfusion at rest as well as on metabolic disturbances. Imaging commences 1 h after the injection to avoid superimposition of liver uptake, The imaging technique applied is identical to that of MIBG. The scintigrams were scored with the same scheme as the MIBG scans.
Cardiac reflex tests. Five cardiac reflex tests were performed in diabetic patients to test for cardiac autonomic neuropathy: l) recording of heart rate variation at rest over 170 consecutive beats and calculation of the coefficient of variation. 2) Heart rate variation during deep breathing at six breaths per min with calculation of the ratio of the longest RR-interval during expiration and the shortest RR-interval during inspiration. 3) Immediate heart rate response to standing expressed by the 30 : 15 ratio. 4) Valsalva manoeuvre and calculation of the ratio of the longest RR-interval after and the shortest RR-interval during the manoeuvre. 5) Difference between the lying and standing systolic blood pressure.
Heart rate variation at rest and deep breathing, heart rate response to standing and the Valsalva ratio were performed with the ProSciCard computer system (MediSyst, Linden, Germany). For the evaluation age-related normal ranges were used [20] . Criterion for an abnormal blood pressure response was a systolic blood pressure drop on standing of >_ 30 mmHg. Each diabetic patient was classified according to the number of abnormal cardiac reflex tests: < 2 cardiac reflex tests = no cardiac autonomic neuropathy (CAN-negative); > 2 abnormal reflex tests = cardiac autonomic neuropathy (CAN-positive).
Q T interval.
After the patient had rested in the supine position for 10 min, the QTinterval of three consecutive sinus beats was measured to the end of the T wave on electrocardiogram tracings taken at a paper speed of 50 mm/s. The QT interval corrected (QTc) for the cardiac cycle length was calculated according to Bazett's formula QTc = QT/(~) [21] and reported in milliseconds. The upper limit for a normal QTc interval was taken as 440 ms [22] .
Statistical analysis
Data are expressed as mean value + i SD. Differences in the groups were compared using the Mann-Whitney U-test. The parameter-free Spearman's rank test was used for correlation coefficients. For the myocardial uptake score of MIBG (MU score) the Wilcoxon-matched-pairs signed rank test was used. A p-value of less than 0.05 was considered significant.
Results
Scintigraphically the diabetic patients did not display myocardial perfusion abnormalities (99mTc-MIBI study). All the patients had an MU score of < 2.
All the control subjects demonstrated a normal uniform homogeneous global myocardial uptake of 123I-MIBG (MU score < 2). In contrast, in the CANnegative group a normal homogeneous global tracer uptake was observed in only six diabetic patients (27 %), whereas 16 diabetic patients (73 %) in this group demonstrated a reduced tracer uptake (MU score > 2). Furthermore, only one diabetic patient in the CAN-positive group (5 %) presented a normal homogeneous uptake and 19 diabetic patients (95 %) a reduced tracer uptake. A severe reduction of uptake or no uptake (MU score of >_ 5) was observed in ten diabetic patients of the CAN-positive group (50%) and in four diabetic patients of the CAN-negative group (18 %). The mean global myocardial uptake was significantly smaller in the CANpositive group than in the CAN-negative group (MU score 4.4 + 1.1 vs 3.4 + 1.3,p < 0.01; Fig.3 ). Figure 2 depicts the typical pattern of the distribution of myocardial uptake in a diabetic patient with ECG-based cardiac autonomic neuropathy in comparison to a control subject.
Regional differences of the myocardial uptake between the two groups were found in the lateral and posterior myocardial region. The mean lateral and posterior myocardial uptake was smaller in the CAN-positive group than in the CAN-negative group (MU score 4.4 + 1.3 vs 3.1 + 1.6, p < 0.01 and 5.5 + 0.8 vs 4.0 + 1.5, p < 0.001; Fig. 4 and Fig. 5 ). Ten diabetic patients in the CAN-positive group (50 %) and four diabetic patients in the CAN-negative group (18 %) presented an MU score of >__ 5 in the lateral region. In the posterior region an MU score of _> 5 was observed in 19 diabetic patients of the CAN-positive group (95 %) and in 8 diabetic patients of the CAN-negative group (36 %). There was no significant difference in the uptake of the anterior and septal myocardial region between the CAN-positive group and the CAN-negative group.
The entire study group of 42 diabetic patients (20 diabetic patients with and 22 diabetic patients without ECG-based cardiac autonomic neuropathy) presented with significant differences in the regional myocardial uptake (Fig. 6 ) . The posterior myocardial region demonstrated a smaller myocardial uptake than the anterior, lateral and septal myocardial region (p < 0.001,p < 0.001,p = 0.001). The anterior myocardial region showed a larger myocardial uptake than the lateral and septal region (p < 0.05, p = 0.001). The myocardial uptake of the lateral and septal myocardial region did not differ significantly.
The coefficients of correlations between the myocardial uptake of 123I-MIBG with clinical characteris- tics, cardiac reflex tests and QTc interval are shown in Table 2 . The global and regional myocardial uptake did not correlate with age, body mass index, duration of diabetes and HbAao. No correlation between the preprandial blood glucose level (6.38 + 0.83 mmol/1 in the study group) and the global and regional myocardial uptake was observed. Female diabetic patients exhibited a significantly reduced uptake in the posterior myocardial region compared to male diabetic patients (p < 0.05). Significant correlations between the myocardial uptake of 123I-MIBG and cardiac reflex tests were found when compared with heart rate variation at rest and during deep breathing; the global myocardial uptake, respectively the lateral and posterior myocardial region, correlated with the index root mean squared successive difference of heart rate variation at rest (p < 0.05, p < 0.01, 
Discussion
This is the first study to assess scintigraphically global and regional differences of cardiac sympathetic dysinnervation in a larger group of clinically comparable long-term IDDM patients with and without ECGbased cardiac autonomic neuropathy. Our findings show that cardiac sympathetic dysinnervation is also present in long-term IDDM patients without ECGbased cardiac autonomic neuropathy. The existence of ECG-based cardiac autonomic neuropathy in long-term IDDM patients, is not only associated with a progression of the posterior and lateral cardiac sympathetic dysinnervation, but also with a deterioration of global cardiac sympathetic dysinnervation. Previous studies in normal control subjects have demonstrated a uniform and homogeneous myocardial uptake of ~23I-MIBG in each subject, indicating a regular pattern of myocardial sympathetic innervation in normal man [15, 23, 24] . We confirm this observation, in that all control subjects in the present investigation were found to have a uniform homogeneous uptake of a23I-MIBG.
The high degree of reduced 123I-MIBG uptake in diabetic patients without ECG-based cardiac autonomic neuropathy suggests that cardiac sympathetic dysinnervation may be present before ECG-based cardiac autonomic neuropathy. This has also been observed in a previous study on 12 non-insulin-dependent diabetic patients with and without autonomic neuropathy [13] . Recently it has been indicated that 123I-MIBG scintigraphy might be more sensitive in detecting cardiac autonomic neuropathy in diabetic patients than heart rate variation during deep breath- Significant levels: a p < 0.05, b p < 0.01, c p < 0.001; RMSSD, Root mean squared successive difference; CV, coefficient of variation ing [15] . Considering the results together, it seems reasonable to conclude that the direct assessment of cardiac sympathetic innervation with the 123I-MIBG scintigraphy is methodologically superior to indirect cardiac reflex tests in detecting early cardiac dysinnervation.
A limitation of SPECT is that only relative quantitative analysis, as in exercise/redistribution myocardial scintigraphy, can be performed. Absolute quantification is not available with SPECT [25] . We obtained SPECT images after 5 h to allow for extraneurovesicular clearance of 123I-MIBG uptake [26] . Wash-out of 123I-MIBG was not determined. It is not clear whether enhanced wash-out reflects sympathetic tone or sympathetic denervation, or both [27] . Moreover it has been postulated that increased wash-out is non-specific [28] .
The ability of sympathetic nerve endings to take up exogenously administered catecholamines is wellestablished. Reports have confirmed the existence of a high-affinity, sodium-dependent neuronal uptake mechanism (uptake-i) confined to postganglionary sympathetic nerves, which is considered to represent true intraneuronal uptake and a low-affinity extraneuronal uptake mechanism (uptake-2) [8, 29] . Unlike noradrenaline, MIBG is metabolized neither by monoaminooxidase nor by catechol-O-methyltransferase [30, 31] . la3I-MIBG enters the liver due to its large volume and vascularity. The subsequent rapid rates of loss from the liver may reflect the large nonneuronal pool of the radiopharmaceutical [7] . 123I-MIBG is rapidly excreted in the urine in its unmetabolized form and therefore the kidneys can only be faintly visualized [32] . Sympathetic denervation has been described in infarcted myocardium with a subsequent potential for arrythmogenicity [33, 34] . In coronary artery disease a reduction of 123I-MIBG uptake has been observed, which emphasises the high sensitivity of the sympathetic nervous system to ischaemia [35] . In the present study, however, myocardial perfusion abnormalities in the diabetic patients were excluded by means of 99mTc-MIBI-scintigraphy, although there is evidence that microvascular factors such as impaired nerve blood flow play an important role in the pathogenesis of diabetic neuropathy [36] . Also, chronic hyperglycaemia has been demonstrated to be a contributing factor [37] . However, the more severe reduction of a23I-MIBG uptake in patients with long-term IDDM with ECG-based cardiac autonomic neuropathy compared to those without, is probably not explained by the degree of metabolic control or the duration of diabetes, since neither HbA lc nor duration of diabetes differed between the two groups. Previous differences in metabolic control, however, cannot be excluded. Certainly, the CAN-positive group showed a more severe autonomic involvement at the time of the study.
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Interestingly, the uptake of the posterior myocardial region correlated with mainly parasympathetic tests such as heart rate variation at rest and during deep breathing [3] . Tests reflecting mainly cardiac sympathetic function such as the Valsalva manoeuvre and systolic blood pressure response [3] did not correlate with myocardial 123I-MIBG uptake. However, the reasons for the relatively poor correlation between global or regional myocardial 123I-MIBG uptake and cardiac reflex tests also remain speculative. It may be hypothesized, that cardiac reflex tests do not differentiate absolutely between sympathetic and parasympathetic function.
Other reasons for a reduction of 123I-MIB G uptake in diabetes may be proposed. Increased levels of circulating norepinephrine could compete with 123I-MIBG for uptake-1. However, the competition would probably affect the heart in a homogeneous fashion and not explain regional differences as observed in the diabetic heart. Previously, no elevated venous catecholamine levels had been observed in diabetic patients with reduced myocardial 123I-MIBG uptake [13] . It is also possible that the observed reduced 123I-MIBG uptake represents a normal uptake with enhanced release of 123I-MIBG, which may not represent sympathetic denervation [38] . Nevertheless, the correlation of sympathetic denervation by electrophysiologic testing to defects on 123I-MIBG scintigraphy has been demonstrated in the canine model and suggests that regional 123I-MIBG defects result from regional adrenergic dysfunction [39] .
The decrease of uptake of 123I-MIBG in the posterior myocardial region in long-term IDDM raises the possibility of arrythmogenicity. Patients with ventricular arrhythmias and absence of coronary artery disease demonstrate a similar pattern of 123I-MIBG uptake [40] . In arrythmogenic right ventricular cardiomyopathy, characterized by reduced 123I-MIBG uptake in the inferior and posterolateral regions, involvement of the sympathetic nervous system in arrythmogenesis has been suggested [24] . Whether the sympathetic dysinnervation of the posterior myocardial region in diabetes predisposes to arrhythmias needs to be investigated by further longitudinal studies.
Patients with idiopathic long QT syndrome have been found to demonstrate a reduced myocardial I~3I-MIBG uptake indicating sympathetic dysinnervation [12] . Whether diabetes is associated with a prolonged QT interval is under debate [41, 42] , but also a shortened QT interval in diabetes has been described [43] . We did not observe an association between a prolonged QTinterval and reduced myocardial 123I-MIBG uptake.
Our study demonstrates that global and regional cardiac sympathetic dysinnervation is common in long-term IDDM even in patients without otherwise detectable cardiac autonomic neuropathy and that the posterior myocardium is predominantly affected.
